Granular sludge is the key factor for an efficient operation of an upflow anaerobic sludge blanket (UASB) reactor. In order to monitor the granularity of anaerobic sludge, the determination of the granule size distribution is of vital importance. Another critical parameter for the UASB reactor performance is the sludge bed porosity. For this reason, several techniques have been proposed, however they are either tedious, imprecise or expensive and hardly applicable in full scale treatment plants. There was then the need for a simple and low cost technique. This technique involves the determination of the settling velocities of a sludge sample and of extrapolating the corresponding diameters using a mathematical algorithm. In the proposed algorithm, the granules density was calculated, the flow regime was examined and finally the granule size distribution was obtained. Some very important correlations were suggested by the experimental results. The granule density and diameter as well as the sludge bed porosity were strongly correlated with the VSS/TSS ratio.
INTRODUCTION
The last 20 years, many full scale upflow anaerobic sludge blanket (UASB) reactors have been constructed to treat industrial wastewater. The limitations of UASB reactors are related to the wash-out of biomass. So, the granulation process is a pre-requisite of a UASB system start-up and operation. The treatment capacity of a UASB system depends on whether granulation is accomplished with particular operating conditions, e.g. wastewater composition, organic loading rate, temperature, etc (Jeison and Chamy, 1998; Xu and Tay, 2001 ). The quality and stability of sludge directly dictates the behaviour of the entire treatment system. One of the most important characteristics is their size distribution. This size with their density, defines the settling properties of the sludge, attribute that is fundamental from the operational point of view (Jeison and Chamy, 1998 ).
To date, three techniques are routinely used to determine the particle size distribution of UASB sludge. Two of them consist in the direct size measurement with a microscope of at least 100 sludge granules immobilized in a petri dish. This can be done either manually with a porton graticule or automatically using image analysis and computerized data processing (Hulshoff Pol, 1989; Dudley et al., 1993) . The last method involves particle size analysis by laser and has been introduced in the late '90s (Yan and Tay, 1997) . Unfortunately all these procedures present several disadvantages. The graticule one is very tedious while the image and laser analysis are expensive (at least $US 10 000 for image analysis and between 30 000 and 60 000 for the laser one). Finally, none of the previous techniques, because of their complexity or cost can be easily set up in treatment plants and as a consequence are almost confined to laboratory studies (Laguna et al., 1999) .
It is therefore of great importance to have a technique that allows the evaluation, in a reliable and reproducible way, of the size distribution of anaerobic granular sludge. This paper presents a way to evaluate the sludge size distribution using settling velocities of a sludge sample and extrapolating the corresponding diameters.
MATERIALS AND METHODS

Source of granular sludge
In the present investigations, the physical properties of anaerobic granular sludges cultivated on different types of wastewater and coming from four different UASB reactors were determined and compared. The granular sludge samples tested were:
-Granular sludge cultivated on wastewater from a potato processing industry -Granular sludge cultivated on dairy wastewater with iron addition -Granular sludge cultivated on dairy wastewater with calcium addition -Granular sludge cultivated on dairy wastewater
The choice of the sludges ensured a wide range of sludge composition and physical characteristics.
Granule density measurement
The granule density was determined with a picnometer according to the method of Mahling (1965) . This density measurement was performed at 30 °C using 25 ml flasks with glass stoppers with capillars. The granule density (ρ p ) was calculated according to the equation 1 (Hulshoff Pol, 1989): ), which is = 995,85 at 30°C.
Upflow velocity test
The settling properties of granules were evaluated by the fractions of granules exited under certain upflow velocities in a fractionating device ( Figure 1 ) (Andras et al., 1989) . . h -1 respectively and at each velocity for 5 min. Each fraction from the fractionating device was collected in a Whatman (1PS) filter paper. TSS and VSS in each fraction were determined using the method described by Andras et al. (1989) .
The analysis for TSS and VSS were conducted in accordance with the standard methods (APHA, 1985).
3. RESULTS 3.1 Granule density 400 sludge samples from the four UASB reactors operating under different conditions (e.g. loading rate, metal addition, temperature) were collected for a period of two months. For these samples, the total and volatile suspended solids concentrations as well as their density were determined. Each measurement was repeated three times and the results presented are the mean values. The standard deviations of total and volatile suspended solids concentrations were 5 and 6% respectively. Regarding the standard deviation of density, it was 10%. 
Settling properties of granular sludge
For 100 sludge samples, the upflow velocity test was performed, and VSS, TSS concentrations of every fraction were determined. A settling velocity profile of each particular sample can be depicted by plotting upflow velocity versus percent of TSS lost from the glass test device (Figure 3a) . A plot of cumulative percent of TSS lost from the glass test device versus upflow velocity is more revealing and an easier way to interpret the results (Figure 3b ). For the diameter calculation, the value of granule density (ρ p ) is necessary, so equation 2 was indispensable.
For the typical sludge sample presented in Figure 3 , the corresponding size distribution is depicted in Figure 4 . It is evident that by a simple settleability test, the size distribution of a sludge sample may be obtained avoiding tedious, imprecise and expensive tests, such as microscope sizing, image and laser analysis. 
Sludge bed porosity
For the estimation of sludge bed porosity, ε, the algorithm suggested by Elmaleh and Grasmick (1985) for biological sludge granules with inert nuclei was used. According to them, the porosity of the sludge bed can be estimated by the equation 8. ).
For the calculation of the sludge bed porosity (ε) of the UASB reactor the equations above were used where it was assumed that the liquid of the bioreactor behaved as water. Thus, it is ρ=995 kg m . In Figure 6 the correlation of sludge bed porosity with the VSS/TSS ratio is presented. The values described as "measured" in Figure 6 were calculated using the experimentally measured values of granule density and diameter, whereas the values described as "predicted" arose by use of equations 2 and 7 and VSS/TSS as the only input value. From Figure 6 , it is clear that "measured" and "predicted" values of sludge bed porosity are in good agreement. Figure 6 . Correlation of sludge bed porosity with VSS/TSS ratio From all that was mentioned above, it is obvious that the sludge bed porosity of a UASB reactor can be estimated with a simple determination of VSS/TSS ratio.
CONCLUSIONS
Among all the different types of anaerobic digesters applied at full scale, UASB reactors present the best commercial acceptance. The success of these reactors is related to their capacity for biomass accumulation by settling without the need of a carrier. Good settling properties are obtained through the flocculation of the biomass in the form of dense granules with diameters up to several millimetres. The evolution of sludge characteristics is of vital importance for the monitoring of UASB reactors. In this paper, a simple technique for the determination of size distribution was presented. No sophisticated equipment is needed and results can be obtained within a couple of hours. The analysis are completely reproducible, with good precision and exactitude. Small samples of sludge are needed, which is especially important in the case of laboratory scale reactors, where large samples are not available. The proposed technique consists of the determination of the settling velocities of a sludge sample, by the test proposed by Andras et al. (1989) and also used by a number of researchers (Hulshoff Pol, 1989; Laguna et al., 1999; Grothenhuis et al., 1991) and of extrapolating the corresponding diameters using a mathematical algorithm. In the proposed algorithm, the granules were assumed spherical, their density was calculated, the flow regime was examined and finally the granule size distribution was obtained.
The experimental results brought up some important correlations. First, a good correlation between the density and the VSS/TSS ratio of granules was established. The diameter of granules was also correlated with the VSS/TSS ratio. This correlation is a very useful tool for an easy and quick estimation of the granule diameter in a sludge sample. Furthermore, by using a simple algorithm the sludge bed porosity of a UASB reactor can be estimated. Thus, by the simple and routine, even in industrial scale, analysis of TSS and VSS, the characterization of a sludge bed as far as its granulation and porosity are concerned can be easily achieved.
